Abstract-This paper provides an approach to monitor oscillation status in tunnel diode measurement circuits-by measuring the second derivative of the current-voltage (I-V ) characteristic curve while doing I-V curve measurement. The method of using the second derivative to detect oscillations works even when the oscillation frequency is ultrahigh or the oscillation amplitude is very small, e.g., below 10 mV. In this paper, the experimental principle of the tunneling spectroscopy was extended to measurement circuits with the presence of internal oscillations, in contrast to the conventional tunneling spectroscopy, which normally does not deal with internal oscillation. 
I. INTRODUCTION
T HE TUNNEL diode was fabricated for the first time in 1958 and the unique negative differential resistance (NDR) was demonstrated at forward bias [1] . To date, tunnel diodes have been widely studied, and over 3000 research papers have been published on various aspects of tunnel diodes. In order to characterize the diode property and extract the diode parameters correctly, it is necessary to obtain accurate current-voltage (I-V ) characteristics. Since tunnel diode has NDR, it potentially has the oscillation issue during measurement. Oscillations will distort the measured I-V characteris- tics, causing the measured I-V curves to have "plateau" and "double-humped" structures in the NDR region [2] - [4] . Thus, the I-V characteristics of such structures are usually not correct but are of pseudo I-V type.
There have been several means to stabilize a tunnel diode in the measurement: To place a shunt capacitor to the terminals of the test diode [2] , [3] , [5] , [6] , or to place a resistor in parallel with the diode [7] - [10] , or the diode is shunted by both a resistor and a capacitor [11] , or to use a forward-biased diode in shunt to the test diode [12] . By using the above procedures, most of test circuits could be stabilized, but as stated in [10] , some diodes could not be stabilized in any test circuits.
In order to extract the parameters of a test tunnel diode accurately, it is critical to be able to distinguish whether the I-V characteristic curve obtained is free-of-oscillation, and if oscillations are present, it is necessary to know its bias voltage range in which the oscillations occurred.
Our experiments showed that the shape of I-V curve could look naively smooth, as if there were no oscillations in the test circuits even when oscillations were in fact present. Thus, it is difficult to distinguish the correct I-V curve from the pseudo ones by simply inspecting the shapes of I-V curves. An oscilloscope could be used to monitor the oscillation status directly in the measurement, but sometimes the oscillation frequency of a tunnel diode could be very high (a hundred gigahertz and beyond) and the oscillation amplitude could be as small as 10 mV or less. It is difficult to monitor such oscillations by an oscilloscope.
This paper provides an alternative way to real-time monitor the oscillation status in tunnel diode measurement circuits-by measuring the second derivative of I-V curve while doing I-V curve measurement. The experimental principle of the tunneling spectroscopy is extended to the measurement circuits with the presence of internal oscillations. The I-V characteristics with and without oscillations are obtained and contrasted.
II. EXPERIMENTAL PRINCIPLES
The second derivative of an I-V curve has been used to detect weak nonlinear signals, such as phonon-assisted electron tunneling through a barrier [13] . Lambe and Jaklevic already showed that such tunneling had a peak on the second derivative curve with the linewidth at half-maximum of 5.4 kT (T is the temperature in Kelvin) and the constant product of the height and the linewidth of the peak [14] . This indicates that such phonon spectra could be observed by the second derivative of the I-V characteristic only at low temperature; however, at room temperature, no phonon spectra or defect vibration spectra can be seen. This fact is further illustrated in Fig. 1 , which clearly shows a very small response at liquid nitrogen temperature and extremely small response at room temperature. Therefore, at room temperature, the second derivative of an I-V curve can be used to measure weak nonlinear performance from device itself, instead of phonon spectra or defect vibration spectra.
To measure the I-V characteristic of a tunnel diode, if it is biased at an unstable point in the NDR region, oscillations will normally occur in the measurement circuit. The current measured with oscillations is the average of the transient current. In brief, it can be expressed in following formula:
where V dc is the dc bias on the diode; V o sin(ω o t) is the internal oscillation part with the oscillation amplitude of V o (the oscillations could be much more complex; here, we only assumed the simple one with one frequency; V o = 0 when the measurement circuit is free of oscillation);
) is the transient current through the diode, which is the function of the
and T s is the integration time for the measurement or the sampling time 1 . When oscillations are present in the measurement circuit, there are two special points: point A, which is the first bias point in the I-V curve, beyond which the oscillation will be present, and point B, beyond which the oscillation will not happen, as illustrated in Fig. 2(a) . It is worth noting that, here, point A is located at the positive differential resistance region prior to the peak point of I-V curve.
Beyond point A, the voltage across the diode has both dc bias and oscillation components. The oscillation makes the voltage 1 In some cases, the measured current may be expressed as: swing along with the dc bias and causes the measured dc current to decrease due to the fact that the oscillation is more likely to occur at much steeper region in the NDR region of I-V curve. This fast decrease of the current at point A results in a valley in the first derivative of I-V curve, and therefore, the second derivative curve will show a sharp valley immediately followed by a sharp peak. The typical measured derivative curves with oscillations are shown in Fig. 2(b) and (c), respectively. At point B, as the NDR is smaller negative, oscillations are quenched. The quenching of oscillations results in a sharp decrease of the measured dc current since the average current would be larger at point B if the oscillations were present, at this time, the oscillations are more likely occurred at the lower voltage which caused the larger current. The same characteristic of a sharp valley immediately followed by a sharp peak will appear in the second derivative curve at point B. This pair of the oscillation characteristics in the second derivative curve can be used to monitor the oscillation status in the measurement circuit and determine the bias voltage range in which oscillations occur.
In practice, the dc current, the first and the second derivatives are measured simultaneously by using a standard lock-in method. But when there are large oscillations present in the test circuit, whether the lock-in method can still be applied, needs to be reexamined. The following gives the detailed analysis showing that indeed this is the case.
When a small low frequency, for example 1 kHz, signal V e cos(ω e t) (V e is less than 1 mV) is superimposed onto the dc bias, while an internal oscillation V o sin(ω o t) is present in the measurement circuit, the diode current may be expressed as a Taylor's expansion
× V e cos(ω e t) + 1 4
The measured dc current, and the measured first and second derivatives are the average current
, and the average second derivative
, respectively, instead of the transient current, and the transient first and second derivatives, due to the fact that the oscillation frequency is much higher than the instrument response. The dc current, and the first and second derivatives were obtained simultaneously in our experiments. Furthermore, we show that
and similarly
Thus, even as a large oscillation is present in the measurement circuit, the average value of the transient first derivative
and that of the second derivative
are still equal to the derivative of the average current (dI dc /dV ) V =V dc and the second derivative of the average current (d 2 I dc /dV 2 ) V =V dc , respectively. Equations (3) and (4) also imply that the measured derivatives are equal to the numerical derivatives of the measured dc current even when a large oscillation is presented, which serves as the foundation of our experiments.
In practice, the noises of the numerical derivatives are much higher than the measured derivative terms. In our measurement setup, two lock-in amplifiers were used to measure those derivatives for high signal-to-noise ratios. 
III. EXPERIMENT PROCEDURES AND RESULTS
In order to model the diode accurately, it is necessary either to make the measurement circuit stable and obtain free-ofoscillation I-V characteristic if the test circuit can be stabilized or to know the exact voltage range of oscillation in the I-V characteristic curve if it is impossible or very difficult to obtain free-of-oscillation I-V curve by any treatment [10] , [11] . It is the premise of accurate measurement.
In our experiments, first, the diode under test was directly connected to the tunneling spectroscopy system for measuring I-V curve and the first and the second derivatives without any treatment except keeping the connection cables as short as possible. If there are oscillation characteristics present in the second derivative curve, like Oscillation 1 curve in Fig. 2 , it means the measurement circuit was unstable and oscillations were present between two bias voltages (points A and B of Fig. 2 ) in the measured I-V curve. In order to narrow oscillation range and obtain the free-of-oscillation range in the I-V curve as wide as possible, a resistor with a suitable resistance is shunted to the two terminals of the tunnel diode, since either too large or too small shunt resistance cannot suppress oscillations effectively [9] - [11] . The connection circuit is simply illustrated in Fig. 3 .
The initial shunt resistance value R e was estimated by the following procedures: From the oscillation characteristics in the second derivative of the I-V curve, the beginning point and the end point of oscillation range were obtained. Then, a smooth curve is drawn from the beginning point to the end point based on our observation that the area of B A I dV is the same, and the error in all our experiments was less than 0.2% regardless of the presence of oscillations. After that, the estimated maximum value of |dI/dV | at the NDR region, |g| max , was derived from this drawn I-V curve. Therefore, the initial shunt resistance R e was derived by R e = 1/|g| max − ∆, where ∆ used in our experiments is 0.05/|g| max .
Again, the I-V curve, and the first and second derivatives curves are measured after the shunt resistance was placed to the terminals of the tunnel diode. The diode current can easily be obtained by The inset is the measured current. From the shape of the measured I-V curve, it seems there was no oscillation present in the measurement circuit; however, its second derivative spectrum indicated oscillations were present in the measurement circuit in the bias range from 0.139 to 0.156 V.
where I d is the diode current, I is the total measured system current, and I R is the current through shunt resistor, V is applied dc bias, and R e is the shunt resistance. The first derivative of the diode current can be obtained by
The second derivative of the diode current is the same as the measured second derivative of the total system current because the resistor shunted is a linear component, which is shown below
The next step is to check whether there are oscillations still present in this test circuit. If no oscillation characteristic is seen from the measured second derivative curve ((d 2 I)/(dV 2 ) ∼V ), the test circuit is believed free of oscillation and the correct diode current can be obtained by (5) . Otherwise, at this time, the kind of Oscillation 2 curve in Fig. 2 may be seen. Repeating the above procedures of deriving initial shunt resistance, a new improved shunt resistance would be derived. As this time, the oscillation range should be smaller than that without the shunt resistance, the new shunt resistance R e could be refined to an improved value. By shunting this refined resistor to the diode, a free-of-oscillation I-V curve, and the first and the second derivatives curves should be obtained. Otherwise, one may repeat the above stated procedures to further refine the shunt resistance value until oscillations are stopped. Even if the oscillations could not completely be suppressed, the exact bias range of oscillation in the I-V curve could be obtained, and at out of the bias range of oscillation, the measured I-V characteristic is accurate. Fig. 4 shows the measured I-V characteristics of tunnel diode 1N4396 from American Microsemiconductor at 4.2 K. Since the measured I-V curve is very smooth, it might be thought that there was no oscillation in the measurement system. However, the detailed experiment using our method revealed that oscillations actually occurred in the bias range from 0.139 to 0.156 V as the oscillation characteristic in the second derivative curve was seen. By simply shorting the cable length in the measurement circuit, this oscillation characteristic disappeared in the second derivative curve and a new I-V curve was obtained, even though the difference between the new one and the old one is small. (This diode 1N4396, although labeled as a silicon tunnel diode [15] , is indeed a germanium tunnel diode based on the obvious germanium phonon peaks.) Fig. 5 shows the second derivative spectra of silicon Esaki tunnel diode 1N4397 also obtained from American Microsemiconductor at 4.2 K. A 72-Ω shunt resistor was connected in parallel with the tunnel diode to eliminate oscillation in the measurement circuit, and was determined at room temperature by the above stated procedures. The left inset of Fig. 5 is the total measured current, which is the sum of the diode current and the shunt-resistor current. The inset shows that no system NDR was observed in the entire measurement region. The right inset shows the diode current calculated from (5) . The second derivative spectrum shows that indirect tunneling current contributions arising by the 18-mV transverse acoustical (TA) and the 58-mV transverse optic (TO) phonons are very strong. In addition, when the bias voltage is higher than 80 mV, indirect current contributions arising from the combinations of two phonons: 83-mV optical phonon of zero wavenumber (O) and TA phonon (TA + O) combination, and 121-mV (TO + O) combination, are also very clear. Furthermore, the combinations of three phonons, 144-mV peak of (TA + O + O) and 181-mV (TO + O + O) peak, can be seen from this figure even they are weak. It is worth noting that the bias voltages of 121-mV two-phonon (TO + O), and the three-phonon (TA + O + O) and (TO + O + O) combinations are in the diode NDR region. The extremely low noise background of the second derivative spectrum in the diode NDR region directly comes from the elimination of oscillation in the measurement system by using the 72-Ω shunt resistor.
IV. CONCLUSION
The tunneling spectroscopy has been shown to be able to apply to the measurement circuit with internal and external oscillations present in it. The measured first and the second derivatives were shown to equal the numerical derivatives of the measured dc current. A method to detect the oscillations in the measurement circuit containing NDR devices has been developed: by monitoring the oscillation characteristic in the first and the second derivatives of the current. This method can be conveniently implemented and can still work in detecting the oscillations even when the oscillation frequency is ultrahigh or when the amplitude is as small as 10 mV. The shuntresistor method resulted in a very low noise level at the NDR region, and leaded to observe the indirect tunneling current contributions arising from 121-mV (TO + O) two-phonon, and 144-mV (TA + O + O) and 181-mV (TO + O + O) threephonon contributions in the NDR region of a silicon tunnel diode. By monitoring of the circuit oscillation status, the tester has the confidence to assess if I-V curves are present of oscillations. In addition, this technique provides the additional information of the bias voltage range of oscillations in the I-V curve. This paper provides a way for measuring accurate I-V characteristics of general NDR devices.
